Abstract -Numerous agricultural applications require very accurate guidance of farm vehicles. Current works have established that RTK GPS was a very suitable sensor in order to meet the expected precision: several control laws have been designed for vehicles equipped with such a sensor, and satisfactory results have been achieved as long as vehicles do not slide. Nevertheless, in actual working conditions (sloping fields, entering into curves on a wet land, . . .), sliding inevitably occurs. In this paper, we design a nonlinear adaptive control law in order to preserve guidance precision in presence of sliding: realtime sliding estimation is used to correct vehicle evolution. Field experiments, demonstrating the capabilities of that control scheme are reported and discussed.
I INTRODUCTION
Many research groups and manufacturers are currently working on vehicles automatic guidance, devoted to agricultural tasks. The main objective is to increase the driving accuracy. Potential applications are for instance achieving perfectly parallel runs when seeding, harvesting, row cropping, . . . or eliminating skips and/or overlaps when spraying fertilizers or pesticides, . . . In addition, automatic guidance delivers the human operator from the tiring driving task. He can then fully devote his time to the tools monitoring. Quality of the agronomic work carried out and productivity can clearly be improved.
Since RTK GPS (also named kinematic GPS) can provide realtime absolute position with a centimeter accuracy, it is often used as the keystone of the perception sensing system in these automatic guided vehicles. This sensor is here fully reliable, since interruptions in GPS signal reception, which is one major concern, do not occur in agricultural tasks where vehicles move on open fields. Various systems relying upon a GPS antenna and additional inertial sensors (e.g.
[7]), on multiple GPS antennas (e.g. [Si), or upon a unique GPS antenna (e.g. [ll] Satisfactory experiments reported in [Ill have been conducted on a dry and even ground. However, it has also been observed that the guidance accuracy is slightly reduced when the vehicle enters into a curve on a wet land, or when the vehicle moves on sloping fields. In both cases, the tracking error originates from the occurrence of sliding. The aim of this paper is to present further developments of the guidance algorithm described in [Ill, in order to reject slidang effects. The paper is organized as follows: farm tractor modelling and control under nonsliding assumption is first recalled in section 11. Next, sliding modelling is discussed in section 111. The design of thc adaptive control law, which allows to rcjcct sliding effects, is then det,ailcd in section IV. Finally, experirnental rcsnlts are displayed in section V.
I1 VEHICLE GUIDANCE UNDER NON-SLIPPING ASSUMPTION

A Vehicle modelling
Vehicle modelling relies upon celebrated Ackermann's model, also named bicycle model. More precisely, the two front wheels and the two rear wheels are considcrcd equivalent as unique virtual wheels locat,ed a t mid-distance between respectively actual front wheels and rear wheels, 
and describing the vehicle evolution with respect to s (instead of with respect to time) leads t o the linear model:
E-... -C is the path to be followed, -0 is the center of vehicle virtual rear wheel,
-M is the point on C which is the closest to 0. M is assumed to be nnique, which is realistic when the vehicle remains quite close from C.
-s is the curvilinear coordinate of point M along C, and c(s) denotes the curvature of C at that point.
y and 8 are respectively lateral and angular deviation of the vehiclc with respect to reference path C (sec Figure 1) .
6 is the virtual front wheel steering angle.
v is the vehicle linear velocity, considered here as a parameter, whose value may be time-varying during the vehicle evolution.
L is the vehicle wheelbase
Computations show that the new control variable m3 is related in an invertible way with the actual one, i.e. 6. Such a transformation can he achieved, since model (1) enters into the class of nonlinear systems which can be converted into chained form, see for instance [lo] . Celebrated linear control theory can then be used t o design control l~w m3 in order to bring ( a 2 , as) to 0. In view of (2) y and 0 are also brought to 0, as desired. The inversion of t,he nonlinear relation between m3 and 6 provides us with the actual nonlinear control law:
Closed-loop performances can be adjnstcd by tuning parameters (K,,, Kd) . The attractive feature of control law (4) is t,hat nonlinear system (1) is controlled just as a linear one, thus taking advantage of Linear Systems Theory, without achieving any approximation.
SLIDING MODELLING
A first possibility, in order to take into account for sliding phenomenon, is to consider dynamic models, see for in- 151. Since wind effects on vessels evolution are qriite similar to sliding effects on land vehicles evolution, we propose herehelow to follow the same approach.
A Model derivation
Let us again consider Ackcrmann's model. When sliding occurs, the grouiid reaction is no longer equal t.0 the wheel action on the ground. a resultant torque which leads the vehicle to turn on itself.
Therefore, we propose hereafter to acconnt for these phe- 
I -c ( s ) y Reporting (7) into (4) shows that:
where:
And finally, by neglecting term yz in ( 8 ) , we prove that:
Provided that c(s) is conatant or slowly varying, relations (9) and (6) and finally relation (7) establish that state variables y and 8 as well as control variable 6 asymptotically converge to constant or slowly varying non null values. This indicates clearly that, in response t o sliding occurrence, the vehicle moves crabways, which is consistent with experimental observations. Consistency of model ( 5 ) has also been investigated through experimentation carried out with the farm tractor depict,ed on forthcoming Figure 9 . The solid line on Figure 3 displays the evolution of the lateral deviation y when automatic guidance law (4) was trying to keep the vehicle along a straight line recorded on a sloping field. Lateral deviation y clearly exhibits an offset, which is not constant since the slope, in actual situation, is never perfectly constant. The dashcd line on the same figure displays the evolution of y simulat,ed from control law (4) and extended model ( 5 ) . Constant perturbation parameters Yp and 8, have been chosen empirically, in order that experimental and simulated asymptotic deviation roughly fit together (pp = -0.11 m.s-' and 6, = 0.022 rad.s-').
It has been observed, on one hand that the asymptotic values of state variable # and control variable 6 simulated from model (5) also roughly fit with the experimental asymptotic values, and on the other hand that the time evolntion of all variables provided by the simulation coincides with the experimental time evolution, see Figure 3 . Extended model (5) appears therefore consistent. 
IV GENERAL VEHICLE GUIDANCE LAW
Since sliding effects have been incorporated into model (5) as additional terms, it might be seen quite natural to reject these perturbations by introducing into control law (4) integral correction terms. However, during field works, sliding is definit,ely not a static perturbation. On the contrary, its dynamic might be sometimes very fast. Therefore, integral correction terms do not appear very suitable for this application: they cannot prevent from transient large guidance error when sliding occurs. This has also been corroborated by full scale experimcnt,s.
Adaptive control can be seen as an alternative approach:
for instance, a guidance system dedicated to harvesting tasks, and relying on a video camera sensor, has been proposed in [3] . A kinematic variable, namely the heading deviation, is considered as representative of vehicle sliding. Then, a correction term, computed from this variable according to an empirical relation, is incorporated into the guidance law designed under non-sliding assumption, in order to achieve sliding rejection. In this paper, a more general adaptive control framework, namely model-based techniques (see [l]), is used to deal with sliding effect,s. Moreover, the proposed control law still relies upon nonlinear control law (4); t,hus preserving all its advantages.
A Adaptive control law design
As it has been above-established! in the, academic case where sliding perturbation terms Yp and 0, are constant, control law (4) leads to an asymptotic guidance error, whose value yc is given by (9). If c(s) is also constant, this guida,nce error can be easily cancelled by taking into account for it inside control law (4): if the vehicle is controlled via 6(y + y,, 0) instead of 6(y, 0), computations similar to (8)- (9) establish that y converges to 0, as desired. Guidance accuracy is then preserved, despite the vehicle is still moving crabways due to sliding occurrence (since relations (6)- (7) are unchanged).
In t,he actual case, Y,, 6, and' c(s) arc not constant.
However, in view of the above discussion, control law 6(y + ye> 8) can clearly improve guidance accuracy, once yc can be estimated in realtime. Such a control law is now detailed. Sliding detection and sliding correction rely upon model-based adaptive control techniques.
Sliding detection: the control law sent to thc vehicle actual steering system is also used to drive the online simulation of model (1). Since this model describes the vehicle evolution in sliding absence, any difference between the simulated and the actual vehicle evolution reveals sliding occurrence. The two evolutions are compared at each time sample, see Figure 4 , and disagreement in y and 0 evolution provides with the current vahies of the sliding parameters Yp and 0,. IMC structure is depicted on Figure 6 . In this approach, y. is directly computed from relation (9). We can observe that the guidance error settling timr is shorter when the adaptive control law relies upon the IMC structure. It is quite natural in academic cases: with IMC structure, the required value for the corrective action y, is immediately used in control law (see Figure 6 ) . On 
V EXPERIMENTAL RESULTS
Experiments have been carried out in our laboratory farm in Montoldre, France. The farm tractor is depicted on Figure 9 . The kinematic GPS receiver is a Thales Navigation dual frequency "Aquarius 5002" unit, providing position and velocity measurements with a 2 cm accuracy, at, a 10 Hs sampling frequency. The GPS antenna has heen located on the tractor cabin, straight up the point 0 (see Figure l) , in order that the GPS receiver provides directly the location of that point. The adaptive control laws 6(y + ycr 0) has been implemented in high level language (C++) on a Pentium based computer.
Land vehicles uudergo sliding effects, cit,licr when they enter into a curve on a wet land, or when they move on a sloping field. The experimental results reported below address the first situation. Experimentations on sloping fields have howcver been carried out; and display the same positive behaviour.
The path t o be followed is depicted on Figure 10 . It con.
. Control law (4), which encloses no sliding corrective terms, leads to an almost constant lateral deviation (reflecting constant sliding conditions). On the contrary, both adaptive structures ensure that t,he lateral deviation returns to 0. As expected from previous simulations (see Figure 8 ), IMC st,ructure exhibits on Figure 10 a higher convergence rate than the MRAC one. However, it is more sensitive to noise and perturbation;: when thc t,rar:t,or has covered 17 ni (sec the arrow on Figure lo) , it has run into a hole. Sliding correction via IMC structure is altered, whereas MRAC one still shows a satisfactory behaviour.
VI CONCLUSION
In this pager, model-based adaptive techniques have been used in order to take into account for sliding effects in vehicle automatic guidance control laws. More precisely, MRAC and IMC structures have been investigated to refine a nonlinear control law, designed from chained systems theory, and thus propagating all linear systems features to vehicle nonlinear model. Theoretical results have been validated by experimentations carried out with a farm tractor, using a kinematic GPS as unique localization sensor.
Experimental results are quik satisfactory on almost regular ground. However, on uneven grounds, the GPS antenna located on the top of tractor cabin undergoes shocks, which are wrongly understood as sliding by the adaptive control laws. Specific filtering operations have then to be considered. We are also working on the integration of a low-cost GPS attitude sensnr, which could provide us with cabin vibrations.
